Wind tunnel experiments were conducted under simulated terrain category 2 for evaluating interference factors using pressure models on four sets of cooling tower models, each when located in tandem. The full-scale dimensions of the cooling towers are 180 m, 165 m, 173m, and 143 m heights with diameters at throat, D th , of 79 m, 71 m, 70 m and 61 m, respectively. The tower corresponding to 165 m height had a geometric scale of 1:500 and the rest of the models corresponded to 1:300 scale. The model of 165 m tall cooling tower was additionally tested under increased turbulence intensity corresponding to terrain category 3. The tests were conducted for various non dimensionalised spacing, r=a/Dm, ranging from 1.4 to 10, where a is the c/c distance between the models and Dm is the mean diameter, defined as the mean of bottom diameter and D th . Measurement of pressures was carried out at 30 0 interval at four levels for all the models. The paper consolidates the data base of experiments conducted at CSIR-SERC to see whether there is a discerning pattern in interference factors that can be recommended for design.
Introduction
In view of the increased environmental concerns, the dimensions of chimneys and cooling towers have been increasing steadily. Both chimneys and cooling towers are dynamically sensitive structures with significant aeroelastic / aerodynamic responses. With a high premium on land availability for infrastructural development, power plant complexes seldom have isolated chimneys and cooling towers. Interference effects on chimneys and cooling towers are increasingly becoming important on the design of the structures. Wind tunnel testing in simulated boundary layer flows is the most preferred tool available to the designers. In recent years, many studies on interference factors have been taken up at CSIR-SERC. The paper consolidates the data base of experiments conducted at CSIR-SERC to see whether there is a discerning pattern in interference factors that can be recommended for design.
Interference studies
The presence of other similar cooling towers or high boiler houses, etc., influences both the static and the fluctuating wind loads. The on-coming flow approaching the cooling tower is disturbed by surrounding buildings and structures and the wind characteristics are changed as follows:
The wind speed may increase locally introducing a local increase in the mean wind load. The pressure distribution, particularly r.m.s pressures is asymmetric at certain wind angles which may result in higher values of certain design stresses. The amount of turbulence induced may cause to diminish the mean response compared to r.m.s response. The chance of resonance is increased due to the altered frequency distribution of turbulence in the on-coming undisturbed wind flow.
Hence, it is difficult to establish a general rule to cope for interference effects, and also the increase in stresses depends on the individual situation and varies from one arrangement to another (Niemann, 1984) . There have been number of studies conducted by various investigators on the wind action on cooling towers. These include pressure distribution studies on isolated cooling towers (Scanlan 1975 , Ceaser 1976 , Ruschweyh 1976 , aeroelastic studies on isolated cooling towers (Busch et al. 1998 , RameshBabu et al. 2013 , analytical studies on cooling towers (Nelson and Thomas 1978, Hara, et al. 1994) , identification of critical load distributions (Kasperski and Niemann 1990 ) and group actions and critical arrangements of cooling towers Kopper 1998, Maurizio Orlando 2001) . Kopper 2004, and Zhao and Ge 2010 have discussed at length on the interference effects on cooling towers due to adjacent buildings and due to adjacent cooling towers. They have advocated that the interference factor be derived based on the amplification of a leading structural response:
(1) where = wind direction; z = height above ground; R = structural response chosen; max,I ; max,s = position of the response maximum at the circumference; I = interference case and s = isolated case. Niemann and Köpper, 1998 had proposed the following empirical relationship based on series of wind tunnel test data to compute interference factor for building-tower interference, F, for design calculations:
where, a c is the clear distance between the cooling towers and d m is the mean diameter of the tower. In the above equation, the experimental results for typical cases are reduced to a single factor for simplicity, which is to be considered as amplification to wind load.
The current BS Code specifies an empirical formula based upon wind tunnel research on tower groups and single towers and generally verified by measurements on full scale towers (Armitt, 1980) . The expression for the peak resonant meridional stress resultant (in N/m) at the bottom of the thin shell is: (3) where, N , r is the peak resonant meridional stress resultant; K is an empirical factor; G is a grouping factor, n is the lowest natural frequency of the tower, V is the site wind speed. 
Definition of interference factor for the present study
For an isolated case, the value of the force coefficient C fx at any level can be obtained based on pressure measurements, and C fy 0, where x denotes the along wind direction and y denotes the across wind direction. In an interference case, the resultant force coefficient can be taken as C R = (C fx 2 + C fy 2 ) 0.5 . The peak value of C R registered at any level, z above base, to the value of C fx at that level for an isolated cooling tower gives the interference factor (IF z ). Interference factors have been obtained using mean and peak pressure distributions. Similarly, the interference factors are evaluated correspondingly for different levels and the absolute maximum value is taken as the interference factor (IF) for a given spacing. Thus, interference factor is defined as: 
Wind Tunnel Studies
The geometric dimensions and shape of the model are important for pressure measurement study. The model of the cooling tower is geometrically scaled to the required scale and fabricated using suitable material.
Isolated case
The rigid cooling tower model is typically instrumented for pressures at four different levels namely, z = 0.20H, 0.50H, 0.75H and 0.90H, where 'z' is the height of the each level from the bottom plate of the model and 'H' is the height of the model. Typical locations of pressure taps are shown in Fig. 1 . At each level, twenty four numbers of pressure taps are provided along the circumference at every 15 0 intervals with a total number of 96 pressure taps on the pressure model. Special PVC tubes having 1.2 mm internal diameter are used to acquire the data. Considering the volume of the pressure transducers, only one restrictor has been used for each tube to achieve flat frequency response up to the required frequency, depending on scale ratio. The pressure signals are acquired through piezo-electric based pressure transducers. The instrumented model is initially tested under isolated condition so as to derive the effect of interference due to the presence of surrounding structures.
Interference case
Wind tunnel tests are conducted to investigate the effects of interference, for different angles of wind incidence ranging from 0º to 360º in intervals of 30º with the presence of surrounding structures such as other cooling towers, power house block, nuclear building, control building, chimney, etc. Typical schematic diagram of cooling towers with surrounding structures are shown in Figs. 2 and 3. Based on the pressure data collected on the test model with the presence of other interfering bodies, the pressure distribution as a function of azimuth angle, are evaluated at each of the four levels. An interference factor as a function of angle of wind incidence, azimuth angle and the elevation level, (z/H) is computed and recommended to be applied to account for the enhanced effects due to surrounding structures. When the wind characteristics are fully simulated, any wind speed can be used to determine the pressure coefficients. The wind speed so chosen has to give measurable pressures by the pressure measurement system.
Analysis of Pressure Data for Force Coefficients
Pressure measurements on a cooling tower model are conducted in the wind tunnel to experimentally determine the circumferential pressure distributions at different levels along the height.
Mean pressure coefficient
The wind induced pressure at a point on the external surface of a cooling tower is generally represented in terms of its height above the ground, z and the circumferential coordinate, .
The pressures are normally expressed in terms of a non-dimensional pressure coefficient given by: 
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where p(z, ) refers to the pressure data at the specified coordinates, z and , p is the static pressure of the approaching flow, is the density of air and (z) is the mean velocity at height, z. The statistical parameters like mean, r.m.s., maximum and minimum pressure coefficients are correspondingly evaluated from the pressure trace. Thus, the mean pressure coefficient is evaluated from:
where p (z, ) is the mean pressure for coordinates z and .
r.m.s. pressure coefficient
The r.m.s value of pressure fluctuations p is evaluated as:
where, p(t) is the pressure at time t, and p is the mean value of p(t). When normalized with the reference pressure, the resulting rms pressure coefficient is given as: The rms pressure coefficients are used together with mean values and peak factor to obtain the peak pressure coefficients. 
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C f
Force coefficient
By integrating the pressure coefficients along the circumference and resolving them into along-wind and across-wind directions, the values of mean along wind force, fx C and mean across wind force, fy C coefficient have been evaluated using the following equations: (10) where pi C is the mean pressure measured at the i th pressure tap along the circumference.
Subsequently, the corresponding resultant coefficient, C Res is obtained using, 2 fy 2 fx s Re C C C (11) Obviously for the isolated tower case, C Res will be same as fx C owing to symmetric nature of mean pressure distribution.
The peak force coefficient f Ĉ is defined as:
where g is the peak factor, taken as 3.75 (Simiu, 1996) and is the standard deviation of respective force component and is the mean force coefficient. The peak force coefficients in the direction of wind and in the across wind direction are correspondingly evaluated and accordingly the resultant peak force coefficients are computed.
INTERFERENCE FACTORS FOR COOLING TOWERS IN TANDEM ARRANGEMENT
Wind tunnel experiments were conducted for evaluating interference factors using pressure models on four cooling tower models whose geometrical details and the corresponding simulated wind characteristics are given in Table 1 . One of the models was tested under two terrain conditions, to substantiate the effect of turbulence on interference factor. The centre to centre spacing is denoted by 'a' and the non dimensional spacing, a/Dm, has been considered to range from 1.4 to 10, where Dm is the mean diameter, defined as the mean of bottom diameter and throat diameter. Measurement of pressures is carried out for every 30 0 interval at four levels. The tubing was designed for individual cases using short tubing length with restrictor to obtain flat frequency response upto 300/500Hz, depending on the scale of the model. Also the phase variation of the tubing system in the range of interest of frequency is linear indicating that there would be minimum distortion in wave form. Pressure measurements were made at four levels as illustrated in Table 1 . Considering the blockage effect in wind tunnel, the model scale for studies including group effect has been different for the test cases listed in Table 1 . Mean and rms pressure distributions (typical) on the isolated cooling tower (Test case-4) are shown in Fig. 4. Fig. 5 shows the variation of interference factors with non dimensionalised spacing for all the cooling tower models tested. For all the test cases under study, the values of IF were evaluated based on mean pressure distribution. For the test cases (4) and (5), the values of IF based on peak pressure distribution were also included. It can be seen that the trend of variation is generally the same for smooth and rough terrains. Also, the values of IF derived based on mean or peak pressure distributions also do not show significant variation. Fig. 2 also includes a typical case where four numbers of cooling towers are sequentially positioned (Fig. 6) . . 
INTERFERENCE FACTORS -A GENERAL CASE
Interference factors (IF) for four cooling towers in a row with specified inter cooling tower distances was also studied by incorporating all major buildings and structures in a power plant complex for various angles of wind incidence (Fig. 7) . The study revealed that angle of attack has a significant influence in determining the IF. When the cooling towers are in tandem, the windward tower seldom had an increase in loading while the leeward tower located in the wake of the first tower had the effects of interference, as reported by Niemann 1998. However, when the angle of attack is changed, channelization of flow led to increased IF even for the windward cooling tower. The effect of such channelization is seen to be maximum for the present case at 60 0 angle of attack. The IF for the leeward cooling tower is only marginally increased as compared to the tandem arrangement without the surrounding buildings. However, the value of IF is uniformly high for angles of attack between 30 0 to 120 0 , and 300 0 to 330 0 . 
CONCLUSIONS
Based on the derived values of IF, it is observed that the leeward cooling tower in the tandem arrangement had significantly higher interference effects and subsequently decreased with increased spacing. When the angle of attack was changed, the effect of channelization of the flow was more, particularly when a number of cooling towers were located in a row. Even the windward cooling tower registered an increase in loading. The magnitude of IF was not significantly increased between tandem arrangement or in a general case of angle of attack for the leeward cooling tower. However increased interference exists for nearly 120 0 (1/3 rd of periphery) suggesting the importance of interference factor in wind loading. On comparison with the guidelines recommended by VGB (2010), the maximum value of IF of 1.6 is seen at a/Dm of 1.4 in the present study as compared to that of 1.3 at a/Dm of 1.6.
